Guide for strength analysis of EPS compactor by Marchena Hurtado, Ander
Bachelor's thesis 
Mechanical engineering degree 
2015 
Ander Marchena Hurtado 
GUIDE FOR STRENGTH 
ANALYSIS OF EPS 
COMPACTOR 
– Crusher unit and Extruder unit
BACHELOR´S THESIS | ABSTRACT  
TURKU UNIVERSITY OF APPLIED SCIENCES 
Mechanical engineering degree  
2015| 54  
Kalevi Vesterinen & Antti Merio 
Ander Marchena Hurtado 
GUIDE FOR STRENGTH ANALYSIS OF EPS 
COMPACTOR
This thesis is a guide to strength calculations of the EPS compactor device designed in the 
MTC. These calculations have been made first theorically with Microsoft Office Excel, and after 
with SolidWorks Simulation module. This compactor was designed to compress EPS rough 
material to lower the delivery costs that its recycling usually involves. Since input values and 
numbers are not completely defined, assumptions have been made and numbers can change in 
the proper final calculation, once all the exact input data is defined.  
Strength calculations have been separated in two main parts: the crusher unit and the extruder 
unit. The crusher unit breaks the EPS material into much smaller pieces, and the extruder unit 
just pushes and mixes this small material through the dye for it to be compressed.  
In the first chapter the goals of the device (Main goals and technical goals), the goals of the 
project (EPS compactor design), as well as the goals of this thesis have been explained. The 
second chapter covers the main characteristics, theoretical background with references, 
behavior, parameters and chosen versions of the two main parts of the EPS compactor.  
The third chapter covers all the calculations. These calculations have been made in several 
stages, first of all it has been made assumptions and theoretical calculations. After that, it has 
been made a FEM calculation of a small piece/element of the part, and the FEM calculation 
results were compared to the previous theoretical results. Then it has been made a FEM 
calculation of the whole part and the results given were compared again to the theorical 
calculations. After that, rough conclusions of the results and fatigue analysis have been made. 
The fourth chapter covers main conclusions and diagnosis of the whole calculations. 
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LIST OF ABBREVIATIONS (OR) SYMBOLS 
EPS Expanded Polysytrene or Styrofoam 
FEM Finite Element Method. A numerical technique for finding 
approximate solutions to physical boundary questions. 
Divides the physical part into smaller parts called finite 
elements, to calculate each of them and minimize the error 
function. 
MTC Machine technology Center of Turku (Turku 
Teknologiakeskus) 
TUAS  Turun ammatikorkeakoulu or Turku university of 
applied sciences 
F Force (in Newtons) 
MAX Maximum value of the paremeter 
V Bending stress 
M Force moment 
T Torque moment 
ζ Shear stress (either produced by M moment or by T 
torque ) 
σ Equivalent stress 
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1 INTRODUCTION 
1.1 Reasons of the project 
EPS is a polymer used also to make boxes for storage and shipping. After this 
ones have been used, their storage and recycling turns difficult because the 
volume of material is too big. The main character of this project is to create a 
machine to compress the empty Styrofoam boxes (Picture 1) as much as 
possible into much more dense solid blocks (Picture 2) (density can raise from 
6,5 kg/m3 to 1040 kg/m3), and therefore, save money in storag, delivery and 
recycling costs.  
There are already some machines in the market to fulfill this need, but they do 
not fulfill the exact capacity demanded by the customer or they are too 
expensive. That is why the MTC wants to design an EPS compactor for a 
definite workload and density, trying to improve the technical problems and 
difficulties of previous models. This machine designed by MTC is based in 
another compacting machine made by Runi company (Picture 3), whose design 
as been slightly changed to improve its quality (Picture 4). The role of this thesis 
inside this project, is to give guides and methods to dimension and test some 
parts of this design and test them by FEM simulation software. 
1.EPS boxes
2.Compacted EPS blocks
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1.2 About MTC 
Turku Koneteknologiakeskus (In english MTC or Machine Technology 
CenterTurku Ltd.) is a training and development center for enterprises, 
educational institutes and researchers in the region of Turku. Its services 
support the cooperation between educational institutes, researcher 
organisations and local businesses. The MTC works in cooperation with the 
TUAS (among some other organisations) in several projects, and educational 
partnerships. MTC also offers companies services such as training, proto 
product design, product development, production development, manufacturing, 
measuring and calibration services.  
3.Runi design
4.Prototype design
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1.3 EPS Material 
EPS ( Expanded polystyrene or Styrofoam) is a polymere derived chemically 
from normal polystyrene. An expansor agent is applied to  polystyrene pellets 
(pentane usually) so that they insuflate to a bigger size (2-3 mm) , and then 
these are molded together into a definite form. ( Polimeri Europa Ltd. brochure, 
2009,p 6)  
This machine tries to do the contrary process.  First, the blades of the machine 
cut the material so that the insuflated pellets are separated one from another 
and are cut into even more small pieces, to be compressed later by the screw. 
The chemical transformation is irreversible, so even the most compressed EPS 
material can’t reach normal polystyrene density. 
Technical data of EPS: 
Density: 25 kg/m³ 
Thermic conductivity: 0,06-0,03 W/m°C 
Breaking tension (bending) : 100 kPa* 
Breaking tension (shear) : 50 kPa* 
* (Simo Hoikkala,1999. p 6)
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1.4 Goals and characteristics of the machine 
The input EPS boxes, are put manually into the crusher unit (Picture 5). The 
crusher unit consists mainly of one or more axis with blades that rotate at a 
certain speed (Pictures 6 & 7) , crushing the EPS boxes into smaller pieces by 
impact with the blades and other parts. This way, the EPS granules are split up 
one from another, removing the air that was between them in the beginning as a 
solid big box. In this process, the temperature of the pellets raises because of 
the friction trough the crushing stage, helping this way to soften the material, 
which helps later the material to stick together again and gain more density.  
The final stage of the process, is the extrusion. The intermediate mass gained 
in the crushing stage, enters in a lead screw (Pictures 8 & 9), and starts 
compressing as it starts joining itself in every spin of the screw, pushed forward 
until it gets pushed out through the die. On this stage the temperature also 
raises, since the mass starts to compact itself and gets pulled every time, 
raising the specific temperature (temperature per volume) of the whole mixture. 
5.Machine working scheme
7.Crusher version 1 6.Crusher version 2
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The main goal of this project is to optimize and improve an EPS compactor 
machine design. 
Main problems in the other designs were: 
-The blades and screw (specially the blades): 
· Generate too much heating because of friction, and this heating can
affect to sharpness, behavior, and other factors lowering the efficiency, or 
even bend/brake them in case there is too much heating. 
· Overheating in the final part (extruder) of the machine, can make
material damage or even burning or boiling (if it gets around 80ºC – 
100ºC) 
-The compression ratio wasn’t the desired one. 
-Lower efficiency than expected, mainly because of screw behavior. 
-There is not completely homogeneous material output (see 1st annex, Density 
test) 
-Machine capacity must be bigger than in the other designs, which were smaller 
in size. 
Characteristics/goals of the final design: 
-Compression ratio between 40:1 and 50:1 . 
-Production speed from 100 kg/h (first goal) up to 200 kg/h (final goal). 
9.Screw version 1 8.Screw version 2
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-Homogeneous density (not concrete data given). 
-Lower purchase value than the commercial models. 
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2 DESCRIPTION OF THE MAIN PARTS OF THE 
MACHINE 
Here there is a brief description of each of the parts to be studied (the blade 
axis and the screw). In each part it is described the working pocess, geometrical 
charecteristics and assumptions, and differences with other versions that were 
also thought in the design process. 
2.1 Crusher Unit 
In this case, the chosen version is this one (Picture 10). Blades usually tend to 
suffer lots of forces when processing material, and the overheating can cause 
early damage as told before. But in this part, there are more blades and the 
impacts against the material are more distributed between all the different 
blades.  
The angular offset between the blades (Picture 11) has different purposes. First 
of all, the material is by this way, pulled to one one of the axis, helping to enter 
later the cut material to enter the extruder, wich is on that side (Vásconez, 2013. 
p 38). The other main reason is for dynamical and strength purposes. If the 
blades were all in a straight line, the impact would be in all the blades at the 
2.1 First screw version 
10.First blade version
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same time, resulting a high force value to resist for the axis, that would stand 
only for very few cycles. 
Besides, if behaving that way, the axis would accelerate and decelerate 
(because of the impact) too much because of the big time gap between one 
impact and the next one, and that would lead to more inertial problems. The 
offset has been rounded to 13° to simplify mathematical calculations. It also has 
to be said that the sum of all the offsets of one side of the axis is 117°, so there 
does exist the gap we where talking before, that leads the axis to have extra 
acceleration (when reaching the gap) and braking (when finishing the gap). This 
“dynamical issues” would be reduced to the minimum if the sum of the offsets in 
each half side was 180°, deleting this gap. 
The two blades rotate in contrary direction, helping this way to pull the material 
down.  
The difference between the two versions is in the auxiliary body in the middle. 
Both versions fullfil the resistance needs for this part. None of them has been 
manufactured to test experimentally the real working efficiency, but intuitively 
11.Blades angular view
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can be seen that the second version has more potential contact surfaces with 
the material to brake, so that might be the best one for the final result. 
2.2 Extruder unit 
The extruder is responsible of extruding the cut semi-liquid viscous mixture and 
compress it through all its path until the dye wich gives shape to it before going 
out. In this pocess, the mixture is  melted/plasticated (partially), conveyed 
forward, melt mixed, and formed into a shape.The extruder has an spiral shape 
so that the mixture can advance and go compressing on each pitch until the 
end. As the temperature increases, polymer chain mobility continues to 
increase until the polymer flows and is easy to process. This temperature 
increase is powered by the Shear heat. Shear is defined as the movement of 
one layer in a fluid or solid relative to a parallel or adjacent layer. (Giles; 
Wagner & Mount, 2005, p 39-40) 
Shear heat comes from two sources; one is the scraping of the resin in contact 
with the barrel wall by the screw, and the other is the individual layers of 
polymeric materials sliding over or under each other during the laminar flow, 
generating viscous heat. (Giles; Wagner & Mount, 2005, p 39) 
Shear in the extruder is caused by molten plastic moving in a direction parallel 
to a fixed surface such as the barrel wall or screw, in addition to movement 
relative to other layers within the polymer. This kind of shearing occurs when 
fluids flow through channels, as in the extruder or tubes in transfer pipes and 
dies. (Giles; Wagner & Mount, 2005, p 39-40) 
With polymer flow, the molecular friction or resistance in one layer as it flows 
over the molecules in another layer causes heat to be generated and the 
polymer to melt. (Giles; Wagner & Mount, 2005, p 40) 
These two actions take place in the melting process in the extruder this way: 
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As they enter in the extruder, the cut solid pieces are in a stady position inside 
the gap of the extruder in a “solid bed”.  The plastic solid bed is pushed forward 
by the pushing edge of the flight or blade. As the polymer approaches the screw 
intermediate section, a thin melt film grows between the solid bed and the barrel 
wall (Picture 12) . In this section, the polymer is compressed by the solids 
conveying pressure as the material is conveyed forward. (Giles; Wagner & 
Mount, 2005, p 40) 
Polymer melts in the thin melt film region generated between the solid bed and 
barrel wall from the combination of shear and barrel heating. Viscous heat 
generation occurs at the boundary between the melt film and the solid bed. The 
pushing flight rasps the melt off the barrel wall, creating a melt pool against the 
pushing flight and forcing the solid bed forward against the trailing is flight. As 
polymer conveyed forward in the transition zone, the melt pool gets bigger as 
the solid bed melts. (Giles; Wagner & Mount, 2005, p 40) 
Molten polymers are viscoelastic fluids, meaning the polymer flow has both a 
viscous component and an elastic component. A Newtonian fluid like water has 
only a viscous component. Increasing or decreasing the shear rate on water 
does not change its viscosity. The elastic component in polymer flow makes 
polymers as EPS non-Newtonian in nature, resulting in shear thinning or 
polymer viscosity decreases with increasing shear rate. Unfortunately, as the 
shear rate increases, more heat is generated at the shearing surfaces, wich 
could lead to possible polymer degradation and discoloration as well as 
12.Melting process  (Giles; Wagner & Mount, 2005, p 40)
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thermical troubles in the screw, or even wing bending or breaking (in extreme 
cases) . (Giles; Wagner & Mount, 2005, p 40) 
When looking at the moving behavior inside the screw, is usual to make a case 
study in wich is assumed that the barrel is rotating and the screw is stationary. 
A particular point in the fluid (point 1 in Picture 13) close to the barrel wall 
moves in the rotating direction of the barrel until it comes in contact with the 
pushing flight. As the barrel continues to rotate, the plastic is forced down the 
pushing flight, moving across the channel, where it reaches the trailing flight 
and turns upward toward the barrel surface. Near the barrel surface, it rotates 
with the barrel surface again until it comes in contact with the next pushing 
flight,  as this spiraling motion shears and mixes the plastic. (Giles; Wagner & 
Mount, 2005, p 42) 
13.Travel path (Giles; Wagner & Mount, 2005, p 42)
14.Polymer speed vector profile  (Giles; Wagner & Mount, 2005, p 42)
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When looking at the flow of the fluid (Picture 14), we can see three different fluid 
behaviors:  
Drag flow is the usual pushed flow whose maximum speed is in the more 
distant point from the axis (next to the barrel wall), where the speed is zero. 
Pressure flow is backward flow of the polymer away from the die towards the 
feed throat, caused by the pressure needed to pass through the die. Its speed 
profile is similar to plug flow in a pipe with zero velocity at the barrel wall and the 
screw root and maximum velocity in the center of the channel (Free flow). 
Leakage flow is the flow over the screw flight. This occurs when the flight to 
barrel distance is larger than normal; otherwise leakage flow is minimal and 
normally ignored.  
Pressure flow assists mixing as the backward flow increases the spiraling action 
in the channel. Material close to the barrel wall travels at a high rate in the 
cross-channel direction, while material at two-thirds channel depth has zero 
cross-channel velocity vector. Molten polymer in the area between zero and 
one-third up the channel depth from the screw root is traveling toward the feed 
throat. (Giles; Wagner & Mount, 2005, p 42) 
These are the main dimensions in a screw : 
15.Extruder screw dimensions (Giles; Wagner & Mount,
2005, p 18 )
16.Power screw dimensions (Bhandari,2007, 202 )
TURKU UNIVERSITY OF APPLIED SCIENCES THESIS | Ander Marchena Hurtado 
18 
As our screw has square threads (θ=0), the pressure affecting the wings is less 
in a extruder  than in a normal mechanical power screw (Conclusion from 
Bhandari, 2007,192 & 202-203 equation).  Dimensions in the pictures above 
(pictures 2.6 & 2.7) are in milimeters. The helix angle determines the pushing 
speed and indirectly the shear rate ( less helix angle involves more pushing 
strength and more helix angle involves more shear rate). The pitch rules how 
many amount of volume can be held to mix in one revolution and the wing/flight 
quantity affects how the polymer is mixed. So with a constant length, more 
flights would lead to a more homogeneous mix, and more pitch would lead to a 
higher production ratio. 
17.Screw frontal view
18.Screw detailed view
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When comparing the two versions of the screw, it is clear that the conic extruder 
would get a higher compression ratio in the final mixture, but it would lead to a 
worse mixed polymer and a slowlier production speed, as well as more 
pressure and its consequent efforts at the end of the screw. It would also be a 
more expensive part to manufacture.  
Something similar could happen is we apply a decreasing pitch on either both of 
the models. The decrease of the speed compared to the increase in 
compression ratio would be similar, but the manufacturing costs compared to 
the other versions of each screw would not be much bigger. 
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3 CALCULATIONS 
Here, we are presenting the calculations of the strength analysis. We have 
divided them in two parts: the blade unit (crusher) and the extruder unit (screw). 
In both of them there is first an explanation and the assumptions of the first 
theoretical calculation 
3.1 Crusher unit 
To make the first general calculations of the crusher, we first need to know the 
behavior of the material and how it breakes. We have supposed two 
escenarios: in the first one it breakes by bending stress, and in the second one 
it breakes by the shear of the blade in contact with the material. 
Bending assumption: 
𝜎𝜎𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 ∗ 𝑦𝑦𝑀𝑀𝑀𝑀𝑀𝑀𝐼𝐼𝑥𝑥 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 ∗ 𝑏𝑏2112 𝑎𝑎𝑏𝑏3 = 6𝐹𝐹 ∗ 𝑐𝑐𝑎𝑎𝑏𝑏2  � 𝑁𝑁𝑐𝑐𝑐𝑐2� 
𝜎𝜎𝑀𝑀𝑀𝑀𝑀𝑀 = 6𝐹𝐹 ∗ 𝑐𝑐𝑎𝑎𝑏𝑏2 > 10 𝑁𝑁𝑐𝑐𝑐𝑐2
In a supposed contact surface of of a=1cm, b=20cm and c = 6 cm (Picture 20) : 
𝑭𝑭 > 10 𝑁𝑁𝑐𝑐𝑐𝑐2 ∗ 1𝑐𝑐𝑐𝑐 ∗ 202𝑐𝑐𝑐𝑐6 ∗ 6𝑐𝑐𝑐𝑐 = 111,11 𝑁𝑁 
20.Bending 3D view 19.Bending detailed view
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Shear breaking assumption: 
𝐹𝐹 = 𝑆𝑆ℎ𝑒𝑒𝑎𝑎𝑒𝑒 𝑠𝑠𝑠𝑠𝑒𝑒𝑒𝑒𝑠𝑠𝑠𝑠𝑠𝑠ℎ ∗ 𝐶𝐶𝐶𝐶𝑠𝑠𝑠𝑠𝑎𝑎𝑐𝑐𝑠𝑠 𝑠𝑠𝑠𝑠𝑒𝑒𝑠𝑠𝑎𝑎𝑐𝑐𝑒𝑒 = 5 𝑁𝑁
𝑐𝑐𝑐𝑐2
∗ (1𝑐𝑐𝑐𝑐 + 2 ∗ 2𝑐𝑐𝑐𝑐) ∗ 20𝑐𝑐𝑐𝑐= 500 𝑁𝑁 
And with these data, we can see that the material breakes much sooner in a 
pure bending situation than in a pure shear situation. But as we can see, the 
shear assumption is too extreme, because the blade must breake a 20cm thick 
piece. We also expect the piece to brake in a combination of shear and 
bending, rather than in any of those cases. In fact, the piece is expected to 
crash more by a bending behavior than in a shear behavior because the 
23.Initial contact surface between the blade and the piece to break. 22.Contact surface of the blade in the piece to break.
21.Contact surface of the piece in the blade
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standard pieces tend to bend when contacting the blades of the two sides of the 
crusher. Therefore, we have supposed a value between them, mostly inclined to 
the bending situation.  
Fbending = 111,11 N    
    Fbreaking=  115 N 
Fshear = 500 N 
This force that we have calculated now, is going to be in each blade that 
contacts the material, since this force needs to be achieved to break it. 
To know the maximum stress suffered by the axis, we have to calculate its 
stress in each of the individual cases of a blade breaking the material, and sum 
them up later on, as if all the stresses happened at the same time. 
First of all, we have to separate all the forces, shaer stresses and force 
moments in the planes XZ and YZ. 
24.Axis(X,Y) position in the part
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Figure 1.Shear stress and moment of 1st blade 
Figure 2.Shear stress and moment of 2nd blade 
Figure 3.Shear stress and moment of 3rd blade 
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Figure 4.Shear stress and moment of 4th blade 
Figure 5.Shear stress and moment of 5th blade 
Figure 6.Shear stress and blade of 6th 
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Figure 7.Shear stress and moment of 7th blade 
Figure 8.Shear stress and moment of 8th blade 
Figure 9.Shear stress and moment of 9th blade 
Figure 10.Shear stress and moment of 10th blade 
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Plane YZ 
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Figure 11.Shear stress and moment of all the blades of XZ plane 
Figure 12.Shear stress and moment of 2nd blade 
Figure 13.Shear stress and moment of 3rd blade 
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Figure 14.Shear stress and moment of 4th blade 
Figure 15.Shear stress and moment of 5th blade 
Figure 16.Shear stress and moment of 6th blade 
Figure 17.Shear stress and moment of 7th blade 
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Figure 18.Shear stress and moment of 8th blade 
Figure 19.Shear stress and moment of 9th blade 
Figure 20.Shear stress and moment of 10th blade 
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Figure 21.Shear stress and moment of all blades in XZ plane 
Figure 22.Torque moment of 1st blade Figure 23.Torque moment of 2nd  blade 
Figure 24.Torque moment of 3rd blade Figure 25.Torque moment of 4th blade 
Figure 26.Torque moment of 5th blade Figure 27.Torque moment of 6th blade 
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Figure 28.Torque moment of 7th blade Figure 29.Torque moment of 8th blade 
Figure 30.Torque moment of 9th blade Figure 31.Torque moment of 10th blade 
Figure 32.Torque moment of all blades 
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Once we have calculated all the moments and shear stresses in both planes, 
we have to calculate their total module by the espression: 
𝑉𝑉𝑖𝑖 = �𝑉𝑉𝑉𝑉𝑖𝑖2 + 𝑉𝑉𝑦𝑦𝑖𝑖2  ;   𝑀𝑀𝑀𝑀 = �𝑀𝑀𝑉𝑉𝑖𝑖2 + 𝑀𝑀𝑦𝑦𝑖𝑖2
After this, we have sumed up all the shear stresses and all the force Moments, 
in order to know wich is the maximum stress in the axis. 
Figure 33. Total shear stress in all blades 
Figure 34.Total force moment in all blades 
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Note how the total Shear stress in going down as the angular offset raises, until 
it passes the 90-degree offset and starts to raise again. Also deservs mention 
how the Mx and My graphic figures (and their maximum points) are deviated to 
the left and right because of the force component distribution in the two planes, 
and in the total moment graphic it is symmetrical and its maximum is in the 
center. 
Mmax (N*m) =151,84 
Z (mm) = 550 
Vcritical (N) = 392,37 
Z (mm) = 500 
The maximum torque will happen in the area of the reaction, whose value is the 
sum of the torques of all the blades: 
𝑇𝑇𝑀𝑀𝑀𝑀𝑀𝑀 = 115 𝑁𝑁 ∗ 110 𝑐𝑐𝑐𝑐 ∗ 10 𝑏𝑏𝑏𝑏𝑎𝑎𝑏𝑏𝑒𝑒𝑠𝑠 = 126500 𝑁𝑁 ∗ 𝑐𝑐𝑐𝑐 
𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑀𝑀𝐶𝐶 = 115 𝑁𝑁 ∗  110 𝑐𝑐𝑐𝑐 ∗ 6 𝑏𝑏𝑏𝑏𝑎𝑎𝑏𝑏𝑒𝑒𝑠𝑠 = 75900 𝑁𝑁 ∗ 𝑐𝑐𝑐𝑐 
Table 1.Force moment components and total foce moments in the whole axis 
Table 2.Shear stress components and total shear stresses in the whole axis 
Table 3.Torque moments in the whole axis 
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Note: the distance value used of 110 mm is the distance between the center of 
the axis and the geometrical center of the area where the force is applied. 
Now according to Von Mises’ expresion, the maximum equivalent stress is: 
𝑆𝑆𝑀𝑀𝑀𝑀𝑀𝑀 =  𝜎𝜎𝑉𝑉𝑀𝑀  � 𝑁𝑁𝑐𝑐𝑐𝑐2� = �𝜎𝜎𝑀𝑀𝑀𝑀𝑀𝑀2 + 3(𝜏𝜏𝑉𝑉 + 𝜏𝜏𝐶𝐶)2 = 26,62 𝑀𝑀𝑀𝑀𝑎𝑎 
To make the first general calculations of the crusher, we first need to know the 
power or the rotation speed of the blades. We have supposed first a rotation 
speed of 70 rpm, as seen in other similar devices. If we take into account that 
the axis has two blade-sides, we can consider that the contact with the material 
happens in a pulsation of 140 rpm, giving a frequency of 2,33 Hz .  
After that, we have understood this periodical frequency of the stresses in the 
axis in the way of a sinus function. This means that after coming from 0 to its 
maximum and dropping back to 0 again, the stress in each blade will remain in 
0 until suffering again that stress in the next cycle. 
𝑆𝑆(𝑠𝑠)("1𝑠𝑠𝑠𝑠 𝑏𝑏𝑏𝑏𝑎𝑎𝑏𝑏𝑒𝑒") = 𝑆𝑆𝑀𝑀𝑀𝑀𝑀𝑀 ∗ 𝑠𝑠𝑀𝑀𝑠𝑠(𝜔𝜔𝑠𝑠) 
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Figure 35.Forces in 1st blade through time 
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So, the next blade has an angular offset of 13 º with the previous one. 
Thus, if we put all these forces (the 10 of them, that belong to the 10 blades) in 
the same graphic, we would get this shape: 
5989970,229
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Figure 36.Forces of the 2nd blade through time 
Figure 37.Stresses of all the blades 
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And once we have this figure, we can sum up all the forces at each time to get 
the “real” curve of the stress in the axis. 
 
Even though the maximum strength in that curve is 212,2 MPa (it can be seen 
intuitively that is a exteme big value) , that would only happen in the maximum 
force in the worst case scenario where all the blades are suffering stresses at 
the same time (as explained in the beginning of this chapter).  
That is why we are using the Von Misses’ equivalent stress calculated before as 
our possible maximum stress ( σVM = 26,62MPa ) . 
Now we are going to make those calculations in the SolidWorks Simulation 
module (also called CosmosWorks ). First of all, we have run a test with only a 
single blade of the the crushing axis.  
In this test we have first used a curse meshing and after seeing that the results 
were not accurate enough, we have used a more fine meshing. In this more 
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Figure 38.Sum of the stresses through time 
TURKU UNIVERSITY OF APPLIED SCIENCES THESIS | Ander Marchena Hurtado 
36 
accurate test (almost in all the SolidWorks Simulation tests done) we have used 
this curvature mesh type (1,8 - 2,3 mm) because in this way, even the thinnest 
parts like the blades have at least 3 elements on the lateral side. We have also 
used a mesh control (1,5mm and 1,5 size-ratio) in the edges of union of the 
blades with the axis and the fixtures, because those are special areas where 
more bending and stress concentration tend to happen. The material used is 
steel 1.7243 (18CrMo4) because the yield strength is similar to the one 
assumed before. 
Total Nodes 312092 
Total Elements 215400 
Maximum Aspect Ratio 5.4596 
% of elements with Aspect Ratio < 3 99.8 
Mesh type Solid Mesh 
Mesh Used: Curvature based mesh 
Jacobian points 4 Points 
Maximum element size 2.3 mm 
Minimum element size 1.8 mm 
Mesh Quality High 
Table 4.Meshing details 25.Meshing scheme
Table 5.Theoretical and simulation results 
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Now we are going to apply this test to the whole part: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
26.Forces in the test of the whole crusher 
27.Von Mises equivalent stress plot 
28.Equivalent displacement plot (mm) 
TURKU UNIVERSITY OF APPLIED SCIENCES THESIS | Ander Marchena Hurtado 
38 
As we can see in this test, the part does not present any particular failure or 
breaking area. In the Von Mises’ plot (Picture 27) we can see that our maximum 
stress is really far from reaching the yield strength, so we are working in a safe 
stress range. It needs to be said that the displacement values are specially low 
(half a millimeter is worst cases) so it doesn’t affect the operation of the part. 
Displacements in the X and Y axis are not specially important, since 
displacement in this case is so low (Picture 28) that the blades are going to hit 
the material anyway even if the angular offset is different. The displacement in 
the Z axis (from one side to the other of the cylindrical axis) has more influence 
since it can bend the blades horizontaly and make them hit with the auxiliary 
parts (see again chapter 2.1 for more info). 
The force values are near the theoretical values. We have also looked at the 
bending stress in the critical section, wich is quite near the theorical value 
(Table 6). 
As we can see statically it is an stable body, since σVM < σYIELD ( 26,62 MPa << 
290MPa).  
But, it might not happen the same in the fatigue analysis, because although 
having a small stress, when repeated constantly they can have much more 
effect on the reliability of the construction, since most of the manufactured 
pieces break because of this kind of stresses. There have been some important 
and famous accidents in the 19th and 20th centuries, caused by fatigue breaking, 
and those are the reasons why manufacturing companies (specially in 
Table 6.Theorical and simulation results in the test of the whole axis 
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aircrafting and automotive companies) nowadays make big investments on 
proper designing and strength calculation. 
Even if the most important values for this calculations are the breaking/yield 
values of the material and the medium/maximum values of our force, we have 
to take into account some other factors. When making strength tests to some 
materials, continuous, small and symmetrical test pieces are mostly used, 
because there is not any stress discontinuity there and the main goal is to test 
the material, rather than the piece form, whereas in our case, we have several 
geometrical discontinuities, such as corners and holes.  
This has an effect on the analysis, because after a big amount of cycles of the 
applied force, it is more probable to appear micro breakings in those small 
“flaws” on our pieces. Thus, we need to know in wich amount this can affect us, 
by calculating in wich numerical factor is this effect bigger in the discontinuity 
than in the rest of the piece. Since the material of the design is still undefined, 
we have only estimated the tension concentration factor in the discontinuities of 
the piece, and therefore, there must be estimated later other factors such as 
surface quality factor, reliability factor, temperature factor, etc. 
To calculate this we are going to be based on the following: 
In a landed piece with only one force at his end, the shear stress in the whole 
piece is constant (theoretically should be at least) as we can see in the diagram 
below: 
29.Shear stress of a landed beam
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This is also applicable to the case of a torque applied at the end of the piece. 
So, any change in that theoretically constant stress can be classified as a 
“discontinuity” in the geometry, surface, or other property of the material. In this 
case we are going to test how the geometrical discontinuities affect that 
continuous landed piece. We are going to do that by putting each of them 
separately in our landed continuous piece and see how that affects the stress. 
In this particular case, the discontinuities of this axis are the holes in wich the 
blades are bolted and the wings supporting the blades. 
30.Torque test to find Kf
31.Bending test to find Kf
32.Graphical plot of the bending test to know Kf
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In the case of the applied torque, the ploted results show that in the proximities 
of the hole, stresses are 1,39 times higher. 
In this other case (Bending test as in Pictures 31 & 32), the result of the Kf 
coefficient is 1,18 . 
 
 
 
 
 
 
 
 
 
In the picture above (Picture 33) we have made a test similar to the forces that 
the blade will suffer, in order to know wich is the tension concentration factor in 
the proximities of the corner between the blade an the axis. In this case the 
result has been 1,22. 
As we have seen in these tests, the highest tension concentration coefficient is 
1.39 and happens in the torsion case in the hole. Since the torsion is the most 
affecting stress in this part, and the value is the highest, that is the number we 
are going to use in this coefficient.  
Once we have collected all this information we have started the fatigue analysis. 
As said, other coefficients were difficult to assume, since we have no solid data 
to be based on. That is why constructing the S-N curve is almost impossible for 
us.  
33.Test to find the Kf near the corners of the blade 
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Therefore, we have based our fatigue analysis in the construction of the 
Goodman-Smith diagram (Bianchi T.M. ;Graniteng website calculator) .  
In the Picture 34  we can see all the input values. The tensile and ultimate 
strength of our steel, as noted in the first chapter of this report. We have left the 
compressive strength values as the default ones because this data is not 
needed in tis case ( would only be needed in case of negative values). We have 
supposed the fatigue load limit as half of the Ultimate tensile strength in the 
case of steels (Bhandari, 2007,p 83 ). The Kf tension concentration factor is the 
one listed before, and the stress amplitude is 26,62 MPa, the one used before 
for the force graphic calculations (its mean value is the half of it).  
The result is a 7.29 Safety Factor. As it is higher than 2, it means that will stand 
more than 106 cycles. This safety factor is the result of dividing the length 
between the boundaries of the tensile strength between the value of the 
amplitude of the stress ( red segments/points and black points in Figure 39).  
34.Input and output values of Goodman-Smith diagram of crusher unit
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We have now listed a plot of the load figure (Figure 40) : 
 
Figure 39.Goodman-Smith diagram of crusher unit 
Figure 40.Load of stresses and resistance of crusher unit 
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3.2 Extruder unit 
 
The calculations of the extruder were specially difficult, since there was not 
enough data about the real behavior of the viscous semi-liquid fluid inside the 
screw. Besides, the screw is totally cylindrical, whereas the usual screws of the 
polymer extruders have an irregular shape, getting tighter to the walls  as they 
get closer to the dye. This involves that not having the value of the viscosity of 
the fluid, nor the temperature and pressure inside the screw, we couldn´t use 
the normal rheology equations for this calculations.  
What we have just done is to suppose a pressure (the pressure acting in the 
fluid to make it move and flow) going perpendicularly against the blades of the 
extruder. The value is 5 bar (500 kPa) going from 0 at the beginning to 5 bar at 
the end, distributed in an ascendant way and constant in every blade as shown 
in the picture above (Figure 41 & Picture 37). 
35.Perspective of the extruder’s screw 
36.Axis position in the screw 
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This pressures are divided into certain components. These components are the 
input pressure (P), axial component (Px), vertical component (Py), and a 
tangential component (P tang). The vertical component does not affect the axis 
significantly at first sight, but creates a torque within the perimeter of the blade 
( T= Py * r)  whose shear stress is quite significant for the stability of the axis. 
We first have calculated the axial and vertical components of the forces applied 
by the pressure in all the screw, using the proyected Area of the surface of the 
blade. 
0
100000
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400000
500000
600000
0 2 4 6 8
Pressure on each blade
Figure 41.Pressure distribution within the blades of the screw 37.Pressures in the blades of the screw
38.Components of the pressure in the blade
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Fxi =Pi*cos(10,34°)*Ap  
Fyi =Pi*sin(10,34°)*Ap 
For calculating the pure torque, we have calculated the force moment of the 
vertical component from the center of the blade to the geometrical center of the 
axis,by using this expression: 
𝑇𝑇𝑖𝑖 2𝜋𝜋(𝑁𝑁 ∗ 𝑐𝑐) = 𝑀𝑀𝑖𝑖(𝑀𝑀𝑎𝑎) ∗ 𝐴𝐴𝐴𝐴(𝑐𝑐𝑐𝑐2) ∗ sin(10,34°) ∗ �𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + 𝑅𝑅𝑏𝑏𝑥𝑥𝑖𝑖𝑎𝑎2 � (𝑐𝑐𝑐𝑐) ∗ 10−9 
This Torque component is only the principal one, because the tangential 
pressure creates as well a tangential torque, because of the friction of the 
viscous polymer and the surface of the blade. Apart from our estimations, we 
cannot really know the real value and concrete effect of this torque in the global 
behavior of the axis. This torque could be expressed as :    
𝑇𝑇𝑖𝑖 𝑡𝑡𝑏𝑏𝑡𝑡𝑡𝑡 = µ ∗ P𝑖𝑖 𝑡𝑡𝑏𝑏𝑡𝑡𝑡𝑡 = µ ∗ P𝑖𝑖 ∗ cos(10,34°) ∗ sin (10,34°) 
𝑇𝑇𝑖𝑖 𝑡𝑡𝑡𝑡𝑡𝑡𝑏𝑏𝑏𝑏 = 𝑇𝑇 +  𝑇𝑇𝑡𝑡𝑏𝑏𝑡𝑡𝑡𝑡 
That µ friction coefficient value can switch from 0 to 1 in many ways, so we do 
not really know the exact value. That is why we have made a test in the 
SolidWorks Simulation module, by putting that Ptang in the edge of the blade 
(only in a 2π revolution and later adapted to the rest of the screw), and 
calculating the torque in the reaction place. 
Table 7.Vertical and axial Forces in the blades 
Table 8.Torque moment of all the blades 
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In this test we have first used a curse meshing and after seeing that the results 
were not accurate enough, we have used a more fine meshing. In this more 
accurate test (almost in all the SolidWorks Simulation tests done) we have used 
this curvature mesh type (1,8 - 2,3 mm) because in this way, even the thinnest 
parts like the blades have at least 3 elements on the lateral side. We have also 
used a mesh control (1,5mm and 1,5 size-ratio) in the edges of union of the 
blades with the axis and the fixtures, because those are special areas where 
more bending and stress concentration tend to happen. The material used is 
steel 1.7243 (18CrMo4) because the yield strength is similar to the one 
assumed before.  
39.Test in Solidworks simulation to get Tangential torque values. 
Table 9.Mesh details 
40.Mesh sample 
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As our result shows: 
𝑇𝑇𝑡𝑡𝑏𝑏𝑡𝑡𝑡𝑡𝑀𝑀𝑀𝑀𝑀𝑀 2𝜋𝜋 = 2359,3 𝑁𝑁 ∗ 45,34 𝑐𝑐𝑐𝑐 = 106,97 𝑁𝑁 ∗ 𝑐𝑐 
And applied this to the rest of the screw (Table 10): 
In the simulation with this single lap of the screw we have also come up with 
some results and compared them to other theoretical ones (Table12): 
After this, we have carried out the simulation of the whole extruder. In this 
simulation, as well as in the theoretical calculations, it has been landed only in 
one side. The reason of doing that is because the bearings in wich this part is 
going to be fixed in, are not completely fixed in both sides. One of the sides 
must be loose (usually the one at the end) so that it has certain tolerance for the 
body movement and other situations such as material dilatation. 
Besides, in this way the reactions have a bigger value, wich leads to a bigger 
global factor of safety. 
Table 11.Tangential torque in all blades 
Table 10.Total torque in all blades 
Table 12.Results of the sole lap test 
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The stress values that mainly interest us are the torque and the axial force, 
whose total reaction values in the landing area are the ones listed below (Table 
13). And seen this, we can state that they are quite similar to the ones 
calculated in the theoretical calculations: 
41.Meshed part of the screw
Table 13.Axial force and torque of the whole extruder 
42.Von Mises equivalent stress plot of the whole screw
TURKU UNIVERSITY OF APPLIED SCIENCES THESIS | Ander Marchena Hurtado 
50 
Apart from this concrete values that can be used for the dimensioning of the 
motor and auxiliary parts, we have looked at the definition and test of the screw 
design (Pictures 42, 43 &44 ). 
In these concrete plots taken in the SolidWorks simulator, we can see that the 
stress on the area near the link between the axis and the screw is too high for 
the part to hold up (specially in those areas with the maximum pressure). 
Therefore, the displacement is too high (the screw brakes) and the factor of 
safety is too low.  
43.Displacement plot of the whole screw
44.Safety factor of the whole screw
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As we can see in the data ruler in the Von misses plot (Picture 42), in the case 
of our material the yield strength is too low. We have two ways of fixing this : 
one of them is to put a stronger material ( usually more expensive material) or 
dimension the screw into another one with thicker blades and axis to reckon 
with the stresses. 
We have tried to put another material in this part, but any of the materials of the 
SolidWorks material library could stand those values. Therefore, we used 
thicker blades. We first tried using 10,70 mm thick blades (compared to the 
previous 7,14 mm in the pre-designed part, see end of chapter 2.2) , stresses in 
a very small area near the corner between the blade and the axis were beyond 
the yield stregth, the displacements were too high ( slightly higher than 30 % 
compared to the new blade thickness) and the safety factor was too low ( 
slightly higher lower than 1).  
We have then tried another thickness, whose thickness value is 16,62 mm.  
 
 
46.Von Mises equivalent stress plot of the new dimensioning of the 
screw 
45.Displacement plot of the new dimensioning of the screw 
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As we can see, all the stresses in the Von Mises plot are lower than the yield 
strength. In addition, the maximum displacement happening in blades ( 
occurring only in the blade with maximum input pressure) is 1.6 mm , lower than 
10% compared to the blade thickness. This has led us to a factor of safety of 
2,1 .  
After this, we have made another small fatigue analysis (similar to the previous 
one made in the crusher unit) using the Von Mises stress values.  
 
47.Input values in Goodman-Smith diagram of the screw 
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As we can see, the safety factor is 4.89, and because of being higher than 1, is 
going the stand more than 106 cycles. Therefore, we have made a correct 
dimensioning.   
  
48.Goodman-Smith diagram of the extruder 
49.Load figure of sresses and resistance of the extruder 
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4 CONCLUSIONS 
In the second chapter, there has been chosen the first version of the crusher 
unit because of its more potential contact surface. We have also chosen the first 
version of the extruder because the second one could lead to heating problems 
at one end, as well as more manufacturing costs because of its complexity and 
other calculation obstacles, since its conical form makes the rheology and fluid 
behaviour more complex. 
In the proper calculations, we have confirmed that there is no bigger problems 
in the crusher unit. Statically is stable, doesn’t present bigger displacements 
(0,56 mm as much), and according to the fatigue analysis, it stands more than 
106 cycles and has a big safety factor (see 3.1 chapter for more information).  
On the other hand, on the calculations of the screw of the extruder, we can see 
that it has been misdimensioned. Specially the blade, wich is the part that 
brakes near the link with the axis. Changing the material wouldn’t be a good 
option, since it would need a material too expensive to be profitable, with no 
special benefits of maintaining those initial dimensions. Thus, we have also 
seen wich could be the proper blade thickness dimensioning according to 
SolidWorks Simulation analysis (see end of the chapter 3.2 for more 
information).  
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